The effect of herpes simplex virus type 2 (HSV-2) infection on the frequency of mutations at the hypoxanthine-guanine phosphoribosyl transferase (HGPRT) locus was studied in the non-permissive XC cell line. When the cells were infected with 20 to 800 p.f.u./cell, there was initially a lag in cell growth and cell death, but after 4 days there was no difference in growth rate between infected and control cultures. However, the mutation frequency, as determined by the number of 6-thioguanine-resistant colonies, was increased in infected cultures by factors ranging from 2-5 to 10.3. This effect was found to be dependent on the multiplicity of infection. The maximum effect was obtained between 20 and 100 p.f.u./cell while further increase in the amount of virus resulted in a drop in the yield of mutants. The optimum multiplicity of infection was a reproducible characteristic but was variable between viral stocks. When a number of mutant clones were examined they were found to have HGPRT activities ranging from undetectable to 6"9~ of wildqype, indicating that the mutations were in the HGPRT gene. These results show that, in a non-productive infection, HSV-2 particles can increase the mutation frequency. The possible mechanisms by which this effect is brought about in the host genome are discussed.
INTRODUCTION
The implication of herpes simplex virus type 2 (HSV-2) in the aetiology of human cervical carcinoma is still controversial. The putative relationship between HSV-2 and this type of cancer was initially suggested by the results of seroepidemiological studies, showing that contact with the virus increased the risk of cancer (Rawls et al., 1968; Naib et al., 1966) . It was later found that HSV particles (Duff & Rapp, 1973; Kessous et al., 1979) and some HSV DNA fragments could transform rodent cells in vitro (Jariwalla et al., 1983; Galloway et al., 1980; Reyes et al., 1979) . In some instances, viral nucleic acids were detected (Bibor-Hardy et al., 1979; Frenkel et al., 1976; Galloway et al., 1980) , and various HSV antigens could be found in transformed cells (Flannery et al., 1977; Gupta et al., 1980) . But there is no evidence that a viral function is necessary to maintain the transformed state (Galloway & McDougall, 1983) . In this context, it has been proposed that HSV-2 was transforming cells by causing mutations (zur Hausen, 1980; Galloway & McDougall, 1983; Huszar & Bacchetti, 1983) . This suggestion is supported by three kinds of evidence. First, mutations have been directly implicated in the development of many cancers (Land et al., 1983) . Secondly, many. DNA viruses can induce mutations when infecting non-permissive cells (Theile et al., 1979; Marengo et al., 1981) . For instance, simian virus 40 infection of non-permissive cells leads to an increase in mutation frequencies at different loci including those encoding hypoxanthine-guanine phosphoribosyl transferase (HGPRT) (Marshak et al., 1975) , thymidine kinase and dihydrofolate reductase (Theile et al., 1976 (Theile et al., , 1979 and reversion of glutamine (Varshaver et al., 1977) and methionine auxotrophy (Hoffman et al., 1978) . Finally, HSV is able to cause chromosomal breaks and rearrangements in infected cells (Stich et al., 1964; Waubke et al., 1968) .
Recently, Schlehofer & zur Hausen (1982) have shown that infection of human rhabdomyosarcoma cells by inactivated HSV-1 particles increased the mutation frequency at the HGPRT 0000-6286 I~) 1985 SGM locus. The extent of this increase was dependent on the inactivating agent, ranging from 1.4 to 3.4 after u.v. irradiation and from 5 to l0 following neutral red exposure. However, in these experiments it could not be ruled out that the mutagenicity was in fact due to the introduction of damaged DNA into the cells and presumably the triggering of DNA repair synthesis (zur Hausen, 1980) .
The purpose of the present study was to determine whether HSV-2 can act as a mutagen. To avoid the problem outlined above, we used XC cells which are transformed rat cells isolated from a Rous sarcoma virus-induced tumour (Svoboda, 1960) . These cells avoid lysis when infected with HSV (Garfinkle & McAuslan, 1973) and although viral proteins have been detected in some instances, there does not seem to be much HSV DNA replication if any (Epstein et al., 1980 (Epstein et al., , 1984 . This system thus allows the use of intact particles. In this report, we show that with several viral stocks and at various multiplicities, HSV-2 infection has cytopathic effects and that it increases the frequency of mutations at the HGPRT locus.
METHODS
Cell culture and z,irus production. XC cells (ATCC CCL 165) were grown in Eagle's reinforced (ER) medium containing 10~ foetal calf serum (FCS) (Gibco), 2 mM-glutamine, streptomycin and penicillin G (ERa0). HSV-2 (HG-52), obtained from Professor J. H. Subak-Sharpe (Institute of Virology, Glasgow, U.K.), was produced and titrated on BHK-21/C13 cells (Langelier et al., 1978) .
Injections of cells and selection of mutants. The procedure used in our experiments was similar to O'Neill's quantitative assay of mutation induction (O'Neill et al., 1977) . XC cells, at a density of 2 x 106 to 4 × 106 per 100 mm dish, were infected at various multiplicities of infection (m.o.i.). The virus was adsorbed for 1 h. The cells were washed three times with ERI0 and incubated for 3 additional hours. The cells were then trypsinized and re-seeded in five 100 mm dishes at a density of 2 x l0 S cells/dish. Uninfected controls were treated in the same way. Cells were grown for 3 or 4 days with daily change of medium to allow expression of the mutations. Each culture was then trypsinized and plated in the selective medium at a density of 1.25 x 105 cells per 100 mm dish. HGPRT-clones were selected in E R medium containing 6 lag/ml 6-thioguanine, 8 ~o dialysed FCS and antibiotics. After 3 weeks, the resistant colonies were either isolated by trypsinization or fixed in 3 ~ formaldehyde, stained with 1 ~ crystal violet and counted.
The mutation frequency was calculated by dividing the number of resistant colonies by the number of cells in the selective medium and accounting for the plating efficiency. The plating efficiencies were determined by reseeding 100 and 200 cells in ERI0 in 60 mm dishes. Colonies were stained and counted after 7 days of growth.
HGPRTassay. Crude cell extracts were prepared as previously described (Langelier et al., 1978) , and HGPRT was assayed using a modification of the method of Debatisse & Buttin (1977) . The incubation mixture contained, in a total volume of 100 lal, 50 mM-Tris-HCl pH 7.4, 5 mM-MgC12, 1 mM extemporaneous 5-phosphoribosyl-l-pyrophosphate, 1 mM-dithiothreitol, 60 laM-hypoxanthine plus 1 laCi [3H]hypoxanthine (3 Ci/mmol, New England Nuclear), 25 mM-NaF and cell extracts (5 to 20 lag protein). The mixture was incubated at 37 °C for 20 and 30 min with wild-type cell extracts and for 30 and 60 min with mutant cell extracts. In these conditions, the rate of the reaction was linear. At the end of the incubation period, 20 lal of the mixture were spotted on a piece of DE-81 paper which was washed, dried and counted. The specific activity is expressed in nanomoles of inosine monophosphate/min/mg protein.
RESULTS

Effects of HSV-2 infection on XC cells Herpes simplex virus types 1 and 2 cannot productively infect XC cells. Initial experiments
suggested that HSV infection at an m.o.i, of 3 or 10 has no deleterious effect on the growth of these cells (Docherty et al., 1973; Garfinkle & McAuslan, 1973) . However, in preliminary experiments at higher m.o.i., we noticed that infected cells had lower plating efficiencies and therefore we decided to re-examine this question. Exponentially growing cultures were infected at an m.o.i, of 20 to 200 and the total number of cells was determined during the first 12 h postinfection. As shown in Fig. 1 (a) , there was a definite decrease in cell growth with increasing m.o.i. Similar results were obtained when the experiment was repeated with the inclusion of a replating step 4 h post-infection, as is done in the mutation assay (see Methods). Fig. 1 (b) shows the effect of an infection with 500 p.f.u./cell over a period of 4 days after re-plating: clearly, cell growth was slowed down. However, this was a temporary effect since when these cells were re-IP: 54.70.40.11
On: Fri, 21 Dec 2018 02:06:37 1 c) . We then studied the effect of the infection on the distribution of colony size (Fig. 2) . Interestingly, two phenomena seemed to occur. First, there was a lag in cell doubling in the infected population as illustrated by lower average number of cells per colony ( Fig. 2a, b, c) . Secondly, there was a higher proportion of colonies, with very few cells, that did not seem to be growing. Some of these colonies were composed of dying cells. This was suggested by the fact that the total number of colonies in the infected cultures steadily diminished during the first 3 days to about 60~ of the control (Fig. 2d ). Thus, these observations indicate that the virus causes a lag in cell growth and cell death. In addition, the extent of these effects, as illustrated in Fig. 1 , is dependent on the m.o.i.
Mutagenic potential of HSV-2
To determine whether HSV-2 could induce cellular mutations, we measured the frequency of HGPRT mutants in populations of XC cells after infection. In initial assays, the spontaneous mutation frequency was found to vary from 0-8 x 10 -6 to 4.3 x 10 -6 ( Table 1) . Mock infection with BHK cell extracts had no significant effect on the spontaneous mutation frequency (results not shown). After infection with I00 p.f.u./cell, this frequency varied from 3.5 x 10 -6 to 19-4 x 10 -6. When ratios of infected to controls are calculated, we find that HSV infection increased the frequency of mutation by a factor ranging from 4.4 to 10,3. This effect of viral infection was expected to be proportional to the m.o.i. To study this point, XC cells were infected at m.o.i.s ranging from 10 to 800 (Table 2) . As expected, these experiments revealed that there is a relation between the number of viral particles and the number of mutants obtained. However, this relation was not linear: the mutation frequency initially increased to reach a maximum, when between 20 and 100 p.f.u./cell were used in the infection, and then decreased at higher m.o.i. The different experiments resulted in mutation frequencies ranging, at their peaks, from 2.5 to 8.9 times the spontaneous frequency. As can be seen from Tables 1 and 2, the increase factor was variable but, using a given viral stock, the maximum effect was reproducibly obtained with the same m,o.i. Thus these experiments indicate two kinds of variation. The first is associated with the m.o.i., and the second with the particular viral stock used in the experiment. The latter is possibly due to variation in the number of physical particles in different stocks. Taken together, the sum of our observations indicate that infection by HSV-2 results in an increased mutation frequency and that this effect is dose-dependent. L. PILON, A. ROYAL AND Y. LANGELIER 
Mutant characterization
The mutants obtained in the experiments described in the preceding section had a 6-thioguanine resistance phenotype and were stable as judged by the fact that they were still resistant IP: 54.70.40.11
On: Fri, 21 Dec 2018 02:06:37 HSV-2-induced mutagenesis 1"0 X 10 -6 1"0 10 0-6 × 10 -6 0.6 100 5-5 x 10 -6 5'5 800 0'7 x 10 -6 0"7 0 1.3 x 10 -6 1-0 20 11.5 x 10 -6 8'9 500 2.2 x 10 -6 1.7 0 7.1 × 10 -6 1.0 20 17.6 × 10 -6 2.5 50 16.8 x 10 -6 2.4 100 10"9 X 10 -6 1'5 200 2.4 x 10 .6 0.3 263 3.6 HH3-11 3.1 HH3-21 6.1 HH3-31 4.7 HH3-51 6.9 HH3-61 5.1 HH3-71 < 1-5 7.7 nmol/min/mg. The activities of the mutant * The average wild-type (wt) activity from four assays was clones expressed here are the average of two assays. after several passages. To characterize these mutants further, 11 mutant clones were isolated from virus-infected cultures along with five spontaneous mutant clones, and they were assayed for HGPRT activity. As shown in Table 3 , these clones had activities ranging from undetectable to 6.9 ~ of wild-type, indicating that they had mutations in the HGPRT gene. In addition, there was no difference between the two sets of mutants and thus, by this limited type of analysis, HSV-2 does not seem to cause a special class of mutation. DISCUSSION We have studied the effect of HSV-2 infection in a non-permissive system. We have found that the virus has cytopathic effects and that it is capable of inducing an increase in the mutation frequency at the HGPRT locus. The cytopathic effects of the virus in XC cells have not been detected in previous studies, presumably because it becomes manifest only at high m.o.i. It is most probably due to the expression of viral functions and this is a question which is presently being examined. We have also measured the HGPRT activity of a number of different mutant clones and found no difference between spontaneous and HSV-induced mutants.
The use of non-permissive cells provides an interesting model for study of HSV mutagenesis since it is possible to use intact virus particles. This eliminates the problem of infecting cells with altered viral DNA which could activate host cell DNA repair synthesis and induce mutations (zur Hausen, 1980) . This system may also mimic what could be occurring in vivo where cells possibly susceptible to HSV transformation would be those which survived infection.
The mechanism by which HSV could induce mutations in mammalian cells is unclear. It could involve the expression of viral functions. There is indirect evidence suggesting that HSV-2 (HG-52) viral proteins are expressed in XC cells. First, we have observed viral particles in vesicles in XC cells after infection using transmission electron microscopy (results not shown). indicating that the HG-52 strain penetrates these cells. Secondly, although these cells do not support viral replication (Garfinkle & McAuslan, 1973) , some HSV strains transiently express various viral proteins (Epstein et al., 1984) . Finally, the cytopathic effects of the virus are an indication of the expression of viral functions. A viral protein such as DNA polymerase or DNase might interact directly with the cellular DNA (Galloway & McDougall, 1983 ) causing mutations such as deletions, point mutations or rearrangements. Also, the viral thymidine kinase or ribonucleotide reductase could interfere with the regulation of nucleic acid metabolism thus acting indirectly on DNA replication fidelity (Huszar & Bacchetti, 1983) . These viral functions would not have to be continuously expressed in the cell to alter the cellular DNA. In fact, it is possible that prolonged exposure to these proteins or an increase in viral expression may have a deleterious effect on cell survival and mutant recovery. This could account for the drop in mutation frequency observed at high m.o.i. Another mechanism by which HSV infection could result in an increased mutation frequency might be interference with the host cell DNA synthesis and repair systems. It has been suggested that infection with u.v.-irradiated virus increased repair synthesis in the host DNA (zur Hausen, 1980) . HSV DNA normally has interruptions (Frenkel & Roizman, 1972; Wilkie, 1973) . These lesions could serve as substrate for repair enzymes and could trigger host cell DNA repair synthesis. Furthermore, Epstein et al. (1980) have suggested that host DNA repair takes place in HSV-infected XC cells. Finally, HSV could cause mutations by inducing chromosomal aberrations in cellular DNA. As discussed by zur Hausen (1980), these aberrations could involve translocations of chromosomal sequences, activation of endogenous retroviruses or simply integration of HSV sequences. These possibilities are presently being examined.
The mutagenic potential of HSV has been suggested before, based on the observation that during infection the virus induces chromosome breaks (Stich et al., 1964) . By using inactivated virus, Schlehofer & zur Hausen (1982) have demonstrated an increase in the frequency of mutation in infected cells. In this report, we show that intact HSV-2 particles can increase the mutation frequency in a non-permissive system. The induction of mutations by HSV-2 has long been proposed as an explanation for its involvement in tumourigenicity and our results add supporting evidence for this hypothesis. At this point, the mechanism of mutagenesis is not understood but the non-permissive XC cells provide a relevant model to study this problem. In particular, it will be of interest to determine whether a specific viral function is involved and, if so, to identify which one.
